1. Introduction {#sec1}
===============

*Asparagopsis taxiformis*, has been earlier researched by Kaliaperumal (2003) [@bib1] and referred to as a "seaweed rich in iodine" which can be used to ameliorate goitre disease. McConnell and Fenical (1977) [@bib2] identified the biological functions of the halogenated metabolites in *A. taxiformis*, which include bromine (Br) and iodine (I) in their molecular structures. These metabolites could be stored in specialized gland cells [@bib3] and often function as defense compounds, correlated with environmental adaptations, due to *A. taxiformis* abundance in subtropical and tropical waters, where high seaweed herbivory occurs. In India, this species was found to accumulate 499.30 mg I/100g dw (dry weight) and its genus 556.70 mg I/100g dw [@bib4]. In many areas of the world, soil surface is progressively becoming poorer in iodine content due to leaching processes [@bib5]. The majority of the available iodine is supported by marine systems and marine organisms such as seaweeds, which can accumulate substantial quantities of iodine [@bib6]. Chemical iodine species in seaweeds seems to be mainly $\text{I}^{-}$, organic iodine and in minor quantity $\text{IO}_{3}^{-}$ [@bib7]. There is a widespread interest for functional foods that might promote health benefits, such as reducing the risk of chronic diseases and enhancing the ability to promote health, thus improving the quality of life. Seaweeds potential as a functional food can be used to produce supplements for the food industry [@bib8]. To determine the nutraceutical quality of the extracts produced, nine parameters were assessed, namely extract yield, iodine, total phenolic compounds (TPC), flavonoids, chlorophyll a, total carotenoid content (TCC), reducing activity (RA), free radical scavenging assay (FRSA) and ferrous ion chelation (FIC). TPC are present in seaweeds as a major molecular group, with an important action in defending against bacteria, wounding or excessive radiation and contributing to the antioxidant activity of the tissue \[[@bib9], [@bib10]\]. These compounds are attractive due to their nutraceutical and antioxidative properties, showing bioactivity that is indicative of preventing pathologies caused by oxidative stress [@bib11].

Numerous approaches are being developed for industrial crops or biomass applications, considering that the chemical composition of seaweeds and their fast growth enables a large set of strategies for biorefinary implementation. Nowadays, chemical production or extraction using seaweed as feedstock is mainly focused on single products, such as the extraction and purification of hydrocolloids, polysaccharides, xanthophylls, proteins and production of biofuels, discarding the remaining biomass [@bib12]. Integrating sustainable strategies to cascade processing with efficient disintegration of biomass to obtain valuable biocompounds could be the answer for a profitable industry [@bib13]. Taking this into consideration, a downstream process was also applied on the *A. taxiformis* residue after primary extraction. This remaining biomass is also known as PEAR (post-extracted algal residue). Three distinct compounds of commercial interest were extracted and quantified from PEAR, namely lipids, carrageenans and cellulose, as a first step towards a biorefinary strategy.

In this work, several solvents were tested, namely distilled water, ethanol, methanol and ethyl acetate and two distinct extraction processes for the development of seaweed nutraceutic production, using biomass from the south cost of Madeira. The directive 2009/32/CE for food applications allows the use of these solvents, under good working practices and quality control. Although methanol has some restrictions, it can be used if its maximum presence does not reach 10 mg/kg in the final product. FTIR-ATR was considered for spectra comparison between direct extraction and PEAR extraction of lipids, carrageenan and cellulose. This is a powerful technic, widely used for detection and characterization of various types of molecules, delivering a unique signature to each compound analyzed. The variability of transmittance along the correspondent wavenumber is caused due to the relative mass and geometry of the atoms. The conformation of the molecules causes the resonance between vibrations that further modulates the spectra [@bib14].

2. Materials and methods {#sec2}
========================

2.1. Seaweed biomass {#sec2.1}
--------------------

*Asparagopsis taxiformis* (Delile) Trevisan de Saint-Léon 1845 samples were collected in a 10-meter maximum depth dive of the Madeiran south coastline, coordinates 32,646951 - 16,823967. Samples were collected in august 2016 and were transported in seawater and gently rinsed with filtered fresh water. Afterwards, a primary drying was applied in which seaweed was frozen at −35 °C and freeze-dried under reduced pressure (4 × 10^−4^ mbar), with a cooling trap set at −56 °C for 5 days. Samples were milled to 200 mesh particle size, vacuum packed and stored at −35 °C until use.

2.2. Preparation of extracts {#sec2.2}
----------------------------

Two methods of extract production were used. Ten grams of lyophilized *A. taxiformis* were added to 300 mL of one of the following solvents: distilled water, ethanol, methanol or ethyl acetate (1:30, w/v). The first extraction method (M1) included stirring the mixture in a borosilicate flask, under sonication, during 90 min. Afterwards, continuously stirring at 1,100 rpm was carried out at approximately 20 °C for 72 hours. Final suspension was centrifuged for 10 min at 7200×g. The supernatant was kept for analysis, as extract. In the second extraction method (M2) a soxhlet extractor was used to perform six complete extraction cycles. A re-extraction was performed in both methodologies and extracts were pooled together, according to the respective solvent and method. Extracts were partly evaporated in a rotary evaporator and dehydrated completely in an oven, at 40 °C. The post-extracted algal residue (PEAR) was recovered and dried in an oven, at 40 °C. Both extracts and PEAR were stored under vacuum at −35 °C until use.

2.3. Extract analysis {#sec2.3}
---------------------

*A. taxiformis* extracts were subjected to nine analysis parameters. Total phenolic content (TPC) was determined using Folin Ciocalteu method described by Chew et al. (2008) [@bib15] and results were expressed as grams of gallic acid equivalents (GAE) per 100 grams of dw of extract. Chlorophyll a and total carotenoids content (TCC) were determined according to Wellburn (1994) and Kumar et al. (2010) \[[@bib16], [@bib17]\]. Flavonoids were quantified according to Chan et al. (2015) [@bib18], using aluminium chloride colorimetry and results were expressed as grams of quercetin equivalents (QE) per 100 grams dw of extract. The free radical-scavenging activity (FRSA) was measured using 2,2-diphenyl-1-picrylhydrazyl (DPPH) as described by Yen and Chen (1995) and Duan et al. (2006) \[[@bib19], [@bib20]\], also using butylated hydroxytoluene (BHT) as a positive control and results were expressed in milligrams IC~50~ per millilitre. Reducing activity was performed following Yuan et al. (2005) [@bib21] work and results were expressed as grams of ascorbic acid equivalents (AAE) per 100 grams dw of extract. Ferrous ion chelating activity (FIC assay) was measured based on Chew et al. (2008) and Decker and Welch (1990) \[[@bib15], [@bib22]\], using EDTA as a positive control, results were expressed as milligrams IC~50~ per millilitre. All samples were analyzed in triplicates in all tests carried out.

### 2.3.1. Iodine quantification {#sec2.3.1}

Iodine quantification was initiated with seaweed incineration, adopting the method described by Mahesh et al. (1992) [@bib23] with some modifications. About 0.5 g of sample is weighted into porcelain crucibles and 0.5 ml of potassium hydroxide solution (6M) mixed with a metal rod and placed in an oven at a temperature of 95 °C for 1h. After, it is added 0.5 ml of zinc sulphate solution (0.52M) and returned to the oven for a further 1 h at 95 °C. The crucibles were then placed in a muffle furnace to reach the 600 °C for a period of 2h. After, it is reconstituted in deionized water, filtered to remove particles and the volume adjusted accordingly. The oxidation process and spectrophotometric determination were performed according to Pino et al. (1996) [@bib24] with some modifications. Aliquots of 0.2 ml of sample or standard was added to test tubes, followed by addition of 1.0 ml of ammonium persulfate (1M) to all tubes. The samples undergo a process of oxidation during 30 min in a water bath at a temperature of 95 °C. It was sequentially added 2 ml of arsenic acid (0.0253 M), 1 ml of sulfuric acid (1.25M) and 1 ml of water. The tubes are placed in a water bath at 32 °C for 10 min, then 0.5 ml of ceric ammonium sulfate (0.0158M) is added, vortexed and incubated exactly for 10 minutes in the water bath at the same temperature as before. A standard solution A is performed with $KIO_{3}$ to a concentration of 7.87 M (1000 μg/ml). Standard solution B is prepared by diluting the standard solution A to 100 times, to an iodine concentration of 78.74 mM (10.0 μg/ml). The working standards are prepared by diluting with distilled water in a volumetric flask of 100 ml amount of 1.0 ml, 2.0 ml, 3.0 ml, 4.0 ml and 5.0 ml of standard solution B resulting in the concentration of 0.78, 1.57, 2.36, 3.18, 3.94 mM (0.02, 0.04, 0.06, 0.08 and 0.10 μg/0.2 ml). After incubation the reactions are read at 410 nm in a spectrophotometer cuvettes of 10 mm. The calibration curve is prepared daily by placing % transmittance vs. iodine content in μg of iodine on the axis X.

2.4. Downstream product analysis {#sec2.4}
--------------------------------

Lipids were quantified as described by Folch et al. (1957) [@bib25]. Carrageenan was determined according to Tasende et al. (2012) [@bib26] and cellulose was quantified following Baghel et al. (2015) [@bib27]. In order to facilitate the comprehension of the multiple analysis and extractions performed in this work, a flowchart was created ([Fig. 1](#fig1){ref-type="fig"}). For extractions, residues and by-products a simple code was attributed, presenting results and discussion in a more perceptible way.Fig. 1Schematic representation of extract production, using 4 solvents permitted by the food industry and two methodologies, with posterior extraction of lipids, carrageenan and cellulose from PEAR biomass. Codes were attributed to each product for simplicity purposes when discussing results.Fig. 1

FTIR-ATR spectra of the samples were obtained with a Perkin Elmer Spectrum Two coupled with a Diamond ATR accessory (DurasamplIR II, Smiths Detection, UK). Thirty-two scans were acquired in transmittance mode in the range of 4000--650 cm^−1^, with a wavenumber resolution of 1 cm^−1^. All samples were analyzed in triplicates in all tests carried out.

2.5. Statistical analysis {#sec2.5}
-------------------------

All values are expressed as mean of three replicates ± standard deviation. The statistical data analysis was performed, using SPSS 24.0 program for Windows. Data were analysed using one-way analysis of variance (ANOVA), and determined its homoscedasticity followed by Pearson\'s test (p ≤ 0.01) to assess correlations between means. Tukey\'s b test (p ≤ 0.01) was also performed to determine statistical variance between seaweeds in each parameter.

3. Results and discussion {#sec3}
=========================

In total, eight *A. taxiformis* extracts were assessed. These were produced using four distinct solvents (ethanol, methanol, water and ethyl acetate) considered safe for extracts production and two methods. Results for extract yield, iodine, TPC, flavonoids, chlorophyll a and TCC are presented in [Table 1](#tbl1){ref-type="table"}. For simplicity reasons, [Fig. 1](#fig1){ref-type="fig"} was created, coding extractions, residues and by-products in an intuitive way, so it would became clear all of the steps involved in this research.Table 1Yield of extract, iodine content and antioxidant composition from *Asparagopsis taxiformis* (Delile) Trevisan.Table 1SolventExtract YieldIodineTPCFlavonoidsChlorophyll aTCCg (100 g)^−1^ in dwg (100 g)^−1^ in dwg GAE (100 g)^−1^ in dwg QE (100 g)^−1^ in dwmg (100 g)^−1^ in dwmg (100 g)^−1^ in dwM1M2M1M2M1M2M1M2M1M2M1M2Water31.65 ± 0.79a18.93 ± 0.69a1.71 ± 0.03a2.92 ± 0.05a0.62 ± 0.01a0.47 ± 0.04a0.04 ± 0a0.04 ± 0aNDNDND1.66 ± 0.26aEthanol10.92 ± 1.77b9.69 ± 0.21bc3.37 ± 0.01b3.13 ± 0.01b1.71 ± 0.13b1.43 ± 0.08b2.51 ± 0.03b3.51 ± 0.06b45.95 ± 0a14.34 ± 2.69a22.72 ± 0.69a23.23 ± 1.04bMethanol11.98 ± 0.66b14.49 ± 4.09ac2.38 ± 0.07c1.82 ± 0.02c0.57 ± 0.02a0.52 ± 0.03a4.02 ± 0.11c2.85 ± 0.02c8.65 ± 1.98b34.80 ± 1.98b36.23 ± 1.05b26.62 ± 0.11cEthyl acetate5.32 ± 0.67c3.19 ± 0.06b0.69 ± 0.01d0.59 ± 0d0.07 ± 0.01cND24.25 ± 0.11d7.75 ± 0.04d8.10 ± 1.35b13.90 ± 1.96a36.13 ± 1.72b23.74 ± 0.67b[^1]

3.1. Extract yield {#sec3.1}
------------------

Extract yield was higher using distilled water (31.65 ± 0.79 g/100g dw) E(H2O)M1 and (18.93 ± 0.69 g/100g dw) for E(H2O)M2 ([Table 1](#tbl1){ref-type="table"}). Methanol and ethanol solvents also provided high extraction yields in E(MeOH)M2 (14.49 ± 4.09 g/100g dw) and E(EtOH)M1 (10.92 ± 1.77 g/100g dw), presented in [Table 1](#tbl1){ref-type="table"}. Mellouk et al. (2017) [@bib28] also provided some insight of the antioxidant properties of *A. taxiformis* from the Algerian coast and water extraction resulted in the highest yield (24.0 g/100g dw), followed by methanol extract (21.3 g/100g dw) and ethanol extract (18.1g/100g dw). Although comparing *A. taxiformis* from different locations and time of harvest, the extract yield were in similar order with higher extraction yield using water, followed by methanol and ethanol solvents. In order to determine the *in vitro* anti-methanogenic activity of *A. taxiformis* extracts, Machado et al. (2016) [@bib29] performed initial extractions with four different solvents, water, methanol, DCM and hexane. They have obtained higher yield using water and methanol, 24.9 g/100g dw and 10.2 g/100g dw, demonstrating some similarity with our results. Chan et al. (2015) [@bib18] used similar solvents to produce extracts from *Gracilaria changii*, collected in Sarawak, Malaysia, varying from 13.06 ± 1.14 g/100g dw using ethanol (comparing with our data 10.92 ± 1.77 g/100g dw) and 3.15 ± 0.45 g/100g dw using ethyl acetate (comparing with our data 5.32 ± 0.67 g/100g dw).

3.2. Iodine quantification {#sec3.2}
--------------------------

For whole *A. taxiformis*, iodine content reached 1.16 ± 0.03 g/100g dw. The highest iodine content was detected using ethanol as solvent in M1, E(EtOH)M1 and M2 E(EtOH)M2 extractions, representing 3.37 ± 0.01 g/100g dw and 3.13 ± 0.01 g/100g dw, respectively (see [Table 1](#tbl1){ref-type="table"}). McConnell and Fenical (1977) [@bib2] also used ethanol as a primary step to extract halogenated compounds from fresh *A. taxiformis* and *Asparagopsis armata*, obtaining high yield. Iodine is extensively integrated in these compounds, due to its biogenic functions. Statistical analysis showed that all values of iodine content in the extracts are independent, suggesting that the iodine has variable affinity, depending on the solvent used. The positive correlation (R^2^ = 0.77) ([Table 2](#tbl2){ref-type="table"}) between M1 and M2 extraction methods means that iodine extraction is strongly influenced by the solvents used in this work. Determining iodine content in seaweed extracts are of extreme importance, when considering these extracts to human supplementation. Iodine is essential for human physiology due to its integration in the composition of thyroid hormones T3 (3,5,3-triiodothyronine) and T4 (thyroxine or 3,5,3,5-tetraiodothyronine). These hormones are responsible for regulating key metabolic processes, such as catabolism of carbohydrates, lipids and protein, cellular respiration, thermoregulation, intermediary metabolism, and nitrogen retention [@bib30]. Iodine plays an important role in human physiology, and it is known that its low intake is particularly harmful in childhood and pregnancy, contributing for developmental deficiencies and diseases. Iodine deficiency remains a major public health concern in many countries of the world [@bib31]. Portugal is not an exception and the proximity to the sea does not avoid iodine deficiency. A study involving 3,631 pregnant women has shown that 83.2% in the mainland and 94.6% in Madeira and Azores Archipelagos had urinary iodine levels below 150 μg.L^−1^ [@bib32], which is considered to be an indicator of insufficient iodine intake [@bib33].Table 2Statistical analysis using Pearson correlation to determine relationships between different parameters.Table 2Pearson\'s CorrelationExtraction yieldIodineTPCReduction activityFRSAFICChlorophyll aTCCFlavonoidsPEAR YieldLipidsCarrageenansCelluloseM1M2M1M2M1M2M1M2M1M2M1M2M1M2M1M2M1M2M1M2M1M2M1M2M1M2Extraction yieldM11,849^∗∗^0,028,615^∗^0,0340,024−0,362−,738^∗∗^,637^∗^−0,321−,831^∗∗^−,986^∗∗^−0,400−,587^∗^−,922^∗∗^−,936^∗∗^−,661^∗^−,877^∗∗^−,950^∗∗^−,850^∗∗^0,2270,153−,722^∗^−,876^∗∗^,739^∗∗^,624^∗^M2,849^∗∗^10,369,661^∗^0,2260,267−0,129−0,2890,2570,102−0,489−,800^∗∗^−0,202−0,127−,705^∗^−,636^∗^−,843^∗∗^−,952^∗∗^−,924^∗∗^−,869^∗∗^−0,315−0,391−,915^∗^−,988^∗∗^,755^∗^,751^∗^IodineM10,0280,3691,770^∗∗^,927^∗∗^,951^∗∗^,817^∗∗^,584^∗^−,745^∗∗^0,0020,5180,010,765^∗∗^0,254−0,1100,194−,740^∗∗^−0,445−0,111−0,282−,813^∗∗^−,840^∗∗^−0,666−0,3540,330−0,101M2,615^∗^,661^∗^,770^∗∗^1,805^∗∗^,801^∗∗^0,497−0,062−0,193−0,399−0,117−,607^∗^0,446−0,332−,717^∗∗^−0,471−,911^∗∗^−,812^∗∗^−,602^∗^−0,574−0,359−0,427−,894^∗∗^−,711^∗^,738^∗∗^0,166TPCM10,0340,226,927^∗∗^,805^∗∗^1,993^∗∗^,910^∗∗^0,434−,700^∗^−0,3310,450−0,045,879^∗∗^−0,049−0,2480,074−,626^∗^−0,346−0,034−0,137−0,558−,593^∗^−0,586−0,1910,408−0,313M20,0240,267,951^∗∗^,801^∗∗^,993^∗∗^1,908^∗∗^0,477−,724^∗∗^−0,2720,477−0,026,872^∗∗^0,011−0,2150,107−,648^∗^−0,359−0,036−0,165−,618^∗^−,648^∗^−0,579−0,2080,369−0,287Reduction activityM1−0,362−0,129,817^∗∗^0,497,910^∗∗^,908^∗∗^1,658^∗^−,883^∗∗^−0,252,732^∗∗^0,342,994^∗∗^0,1170,1110,415−0,2770,0630,3750,215−0,540−0,541−0,2030,2540,044−,610^∗^M2−,738^∗∗^−0,289,584^∗^−0,0620,4340,477,658^∗^1−,921^∗∗^0,511,959^∗∗^,791^∗∗^,638^∗^,798^∗∗^,730^∗∗^,897^∗∗^0,0050,342,592^∗^0,343−,805^∗∗^−,768^∗∗^0,1460,399−0,416−0,389FRSAM1,637^∗^0,257−,745^∗∗^−0,193−,700^∗^−,724^∗∗^−,883^∗∗^−,921^∗∗^1−0,171−,942^∗∗^−,651^∗^−,872^∗∗^−0,547−0,505−,753^∗∗^0,121−0,248−0,553−0,329,750^∗∗^,718^∗∗^0,009−0,3820,2510,529M2−0,3210,1020,002−0,399−0,331−0,272−0,2520,511−0,17110,3290,435−0,292,872^∗∗^,620^∗^0,5420,0480,0980,097−0,096−0,547−0,5240,234−0,042−0,3700,304FICM1−,831^∗∗^−0,4890,518−0,1170,4500,477,732^∗∗^,959^∗∗^−,942^∗∗^0,3291,855^∗∗^,737^∗∗^,677^∗^,744^∗∗^,919^∗∗^0,1580,501,748^∗∗^0,557−,656^∗^−,606^∗^0,2370,595−0,496−,587^∗^M2−,986^∗∗^−,800^∗∗^0,010−,607^∗^−0,045−0,0260,342,791^∗∗^−,651^∗^0,435,855^∗∗^10,374,678^∗^,954^∗∗^,969^∗∗^,611^∗^,834^∗∗^,924^∗∗^,805^∗∗^−0,312−0,2430,678,825^∗∗^−,753^∗∗^−,581^∗^Chlorophyll aM1−0,400−0,202,765^∗∗^0,446,879^∗∗^,872^∗∗^,994^∗∗^,638^∗^−,872^∗∗^−0,292,737^∗∗^0,37410,0910,1350,430−0,2030,1310,4350,271−0,479−0,475−0,1400,341−0,002−,673^∗^M2−,587^∗^−0,1270,254−0,332−0,0490,0110,117,798^∗∗^−0,547,872^∗∗^,677^∗^,678^∗^0,0911,801^∗∗^,811^∗∗^0,0570,2460,3720,108−,750^∗∗^−,697^∗^0,0940,185−0,5010,069TCCM1−,922^∗∗^−,705^∗^−0,110−,717^∗∗^−0,248−0,2150,111,730^∗∗^−0,505,620^∗^,744^∗∗^,954^∗∗^0,135,801^∗∗^1,945^∗∗^,608^∗^,774^∗∗^,812^∗∗^,665^∗^−0,331−0,2540,630,719^∗^−,800^∗∗^−0,347M2−,936^∗∗^−,636^∗^0,194−0,4710,0740,1070,415,897^∗∗^−,753^∗∗^0,542,919^∗∗^,969^∗∗^0,430,811^∗∗^,945^∗∗^10,417,681^∗^,827^∗∗^,655^∗^−0,527−0,4590,479,696^∗^−,688^∗^−0,471FlavonoidsM1−,661^∗^−,843^∗∗^−,740^∗∗^−,911^∗∗^−,626^∗^−,648^∗^−0,2770,0050,1210,0480,158,611^∗^−0,2030,057,608^∗^0,4171,931^∗∗^,741^∗∗^,770^∗∗^0,540,604^∗^,979^∗∗^,867^∗∗^−,710^∗∗^−0,477M2−,877^∗∗^−,952^∗∗^−0,445−,812^∗∗^−0,346−0,3590,0630,342−0,2480,0980,501,834^∗∗^0,1310,246,774^∗∗^,681^∗^,931^∗∗^1,929^∗∗^,906^∗∗^0,2570,328,942^∗∗^,961^∗∗^−,778^∗∗^−,667^∗^PEAR YieldM1−,950^∗∗^−,924^∗∗^−0,111−,602^∗^−0,034−0,0360,375,592^∗^−0,5530,097,748^∗∗^,924^∗∗^0,4350,372,812^∗∗^,827^∗∗^,741^∗∗^,929^∗∗^1,914^∗∗^−0,0250,044,750^∗^,953^∗∗^−,720^∗∗^−,785^∗∗^M2−,850^∗∗^−,869^∗∗^−0,282−0,574−0,137−0,1650,2150,343−0,329−0,0960,557,805^∗∗^0,2710,108,665^∗^,655^∗^,770^∗∗^,906^∗∗^,914^∗∗^10,2480,3220,783,964^∗∗^−,663^∗^−,721^∗^LipidsM10,227−0,315−,813^∗∗^−0,359−0,558−,618^∗^−0,540−,805^∗∗^,750^∗∗^−0,547−,656^∗^−0,312−0,479−,750^∗∗^−0,331−0,5270,5400,257−0,0250,2481,992^∗∗^0,4570,2470,015−0,104M20,153−0,391−,840^∗∗^−0,427−,593^∗^−,648^∗^−0,541−,768^∗∗^,718^∗∗^−0,524−,606^∗^−0,243−0,475−,697^∗^−0,254−0,459,604^∗^0,3280,0440,322,992^∗∗^10,5050,315−0,085−0,128CarrageenansM1−,722^∗^−,915^∗^−0,666−,894^∗∗^−0,586−0,579−0,2030,1460,0090,2340,2370,678−0,1400,0940,6300,479,979^∗∗^,942^∗∗^,750^∗^0,7830,4570,5051,908^∗∗^−,757^∗^−0,602M2−,876^∗∗^−,988^∗∗^−0,354−,711^∗^−0,191−0,2080,2540,399−0,382−0,0420,595,825^∗∗^0,3410,185,719^∗^,696^∗^,867^∗∗^,961^∗∗^,953^∗∗^,964^∗∗^0,2470,315,908^∗∗^1−,641^∗^−,876^∗∗^CelluloseM1,739^∗∗^,755^∗^0,330,738^∗∗^0,4080,3690,044−0,4160,251−0,370−0,496−,753^∗∗^−0,002−0,501−,800^∗∗^−,688^∗^−,710^∗∗^−,778^∗∗^−,720^∗∗^−,663^∗^0,015−0,085−,757^∗^−,641^∗^10,402M2,624^∗^,751^∗^−0,1010,166−0,313−0,287−,610^∗^−0,3890,5290,304−,587^∗^−,581^∗^−,673^∗^0,069−0,347−0,471−0,477−,667^∗^−,785^∗∗^−,721^∗^−0,104−0,128−0,602−,876^∗∗^0,4021[^2]

3.3. Antioxidant quantification {#sec3.3}
-------------------------------

### 3.3.1. Total phenolic compounds (TPC) {#sec3.3.1}

The highest value for total phenolic content (TPC) ([Table 1](#tbl1){ref-type="table"}) was determined in ethanol extracts, E(EtOH)M1 (1.71 ± 0.13 g GAE/100g dw) and E(EtOH)M2 (1.43 ± 0.08 g GAE/100g dw). The TPC presence in ethyl acetate extracts varied from non-detectable quantity in E(EtAc)M2 to a slightly higher content, 0.07 ± 0.01 g GAE/100g for E(EtAc)M1, suggesting a weak affinity. Farvin and Jacobsen (2013) [@bib34] evaluated eleven different seaweeds from the coast of Denmark and found that protocatechnic, gentisic and hydroxybenzoic phenolic acids were the major compounds in TPC for red and green seaweeds. A positive Pearson correlation (R^2^ = 0.80 to R^2^ = 0.95), presented in [Table 2](#tbl2){ref-type="table"}, between iodine and TPC was detected in the extracts. According to Hou et al. (2000) [@bib35], iodine could be predominantly found in seaweed tissues bound with proteins, polyphenols and pigments.

### 3.3.2. Total flavonoid content (TFC) {#sec3.3.2}

Flavonoids, a subdivision of TPC, are secondary metabolites constituted by anthocyanidins, chalcones, flavones, flavanols, flavanones, isoflavones and flavonols, differentiated according to their biosynthetic origin and presenting a general structure of two aromatic rings linked together by a 3-carbon bridge [@bib36]. Total flavonoid content (TFC) determined in the extracts was inversely related to the polarity of the solvents used in the extraction. Highest TFC content was determined in ethyl acetate extract ([Table 1](#tbl1){ref-type="table"}), E(EtAc)M1 24.25 ± 0.11 g QE/100g dw and lowest with water extraction, 0.04 ± 0.0 g QE/100g dw, both in E(H2O)M1 and E(H2O)M2. Solvent efficiency for TFC extraction in M1 apparently decreases from E(EtAc)M1 \> E(MeOH)M1 \> E(EtOH)M1 \> E(H2O)M1, or in M2 from E(EtAc)M2 \> E(EtOH)M2 \> E(H2O)M2 \> E(MeOH)M2. This suggests that flavonoids extraction, using M1 method is inversely correlated with the solvent polarity, ethyl acetate having strong affinity to flavonoids. According to Stankovic et al. (2011) [@bib37], when using solvents like chloroform, dichloromethane, diethyl ether or ethyl acetate, polar flavonoids such as flavonols, methylated flavones, isoflavones and flavanones are extracted. Still, the use of alcohols or alcohol-water mixtures, allows the extraction of flavonoid glycosides and more polar aglycones. Tukey b test showed that all values of flavonoids were independent from each other in both extraction methods. The positive correlation in [Table 2](#tbl2){ref-type="table"} (R^2^ = 0.931) between M1 and M2 methods suggests, for *A. taxiformis*, that solvents are more likely to influence flavonoid extraction than the extraction methods used.

### 3.3.3. Chlorophyll a {#sec3.3.3}

Chlorophylls are greenish pigments that have antioxidant bioactivity in consumed seaweed [@bib38]. These pigments in processed food can be converted into compounds such as pheophytin, pyropheophytin and pheophorbide, known to have preventive action against cancer [@bib8]. The only chlorophyll type found in red seaweeds is chlorophyll *a* [@bib39] and maximum yield of this pigment was obtained using ethanol ([Table 1](#tbl1){ref-type="table"}), E(EtOH)M1 (45.95 ± 0 mg/100g dw) and methanol in E(MeOH)M2 (34.80 ± 1.98 mg/100g dw). When using water, no chlorophyll *a* was detected. Using Pearson\'s correlation analysis, no correlation could be found when comparing the two different methodologies, M1 and M2, in their chlorophyll content, indicating that chlorophyll a content is strongly dependent of the method applied to obtain the resulting extract. This effect can be easily observed when comparing chlorophyll a content in ethanol extract, E(EtOH)M1, 45.95 ± 0 mg/100g dw and in E(EtOH)M2, 14.34 ± 2.69 mg/100g dw, a decrease of 3.2 times. Methanol demonstrated the inverse behavior, extracting 8.65 ± 1.98 mg/100g dw in E(MeOH)M1 and increasing to 34.80 ± 1.98 mg/100g dw in E(MeOH)M2, a four time increase. This fact can be due to solvent efficiency influenced when heated in the Soxhlet extractor. Ethanol decreases its efficiency and methanol increases. Also, comparing the amount of chlorophyll a content in whole seaweed *A. taxiformis*, 28.81 ± 3.25 mg/100g dw, described in our previous work [@bib40], only ethanol extract (45.95 ± 0 mg/100g dw) using E(EtOH)M1 and methanol extract (34.80 ± 1.98 mg/100g dw) using E(EtOH)M2, allowed a higher concentration of chlorophyll *a*, demonstrating the higher affinity of chlorophyll *a* for these two solvents, using different methods.

### 3.3.4. Total carotenoids content (TCC) {#sec3.3.4}

Carotenoids are terpenoid pigments and their oxygenated derivatives are called xanthophylls. These compounds have the ability to function as antioxidants, neutralizing reactive oxygen species (ROS) during metabolic processes [@bib41]. Red seaweeds as *A. taxiformis* essentially produce lutein, α-carotene and zeaxanthin \[[@bib8], [@bib42]\]. Total carotenoids content (TCC) varied according to the solvents used to produce the extracts. The highest value was obtained with methanol extract ([Table 1](#tbl1){ref-type="table"}) in E(MeOH)M1, 36.23 ± 1.05 mg/100g dw and the lowest with water extract, with no amount detected. Comparing with the work of Chan et al. (2015) [@bib18], the highest amount achieved in their work was using ethyl acetate extract, 73.44 ± 14.87 mg/100g dw and in our work, ethyl acetate was also very close to the highest value, 36.13 ± 1.72 mg/100g dw in E(EtAc)M1. This demonstrates that carotenoids in *A. taxiformis* have similar affinity to methanol and ethyl acetate when method 1 is applied and that ethyl acetate presents a high content of carotenoids, not only demonstrated in this work but also in the work of Chan et al. (2015) [@bib18]. Therefore, it can be observed that the sequence of total carotenoids contents according to the solvents used is exactly the same when comparing the two different methods. M1 and M2 have the same order, E(MeOH) \> E(EtAc) \> E(EtOH) \> E(H2O), but M1 has shown highest efficiency when extracting total carotenoids. In a previous work [@bib40], we have demonstrated that *A. taxiformis* whole seaweed had 13.14 ± 2.63 mg/100g dw, and comparing this value with the ones obtained in the extracts, all of the extracts have higher concentration of TCC, except in water derived extracts, that presented from 1.66 ± 0.26 mg/100g in E(H2O)M2 to no amount detected in E(H2O)M1. Pearson\'s correlation evidenced a high degree of correlation between the two methods (R^2^ = 0.945) in [Table 2](#tbl2){ref-type="table"}, permitting to conjecture that TCC extraction is strongly defined by the solvent used and not from the methods applied in this work.

3.4. Antioxidant activity {#sec3.4}
-------------------------

The antioxidant activity, which includes reducing activity (RA), free radical scavenging activity (FRSA) and ferrous ion chelation (FIC), was also determined and results are presented in [Table 3](#tbl3){ref-type="table"}.Table 3Antioxidant activity of extracts from *Asparagopsis taxiformis* (Delile) Trevisan.Table 3SolventReducing Activity (RA)FRSA (DPPH)FICmg AAE(100 g)^−1^ in dwmg IC 50 (mL)^−1^mg IC 50 (mL)^−1^M1M2M1M2M1M2Water233.15 ± 5.15a174.38 ± 11.65a4.65 ± 0.29a1.37 ± 0.03a113.01 ± 10.62a74.00 ± 1.81aEthanol1908.44 ± 59.15b1156.86 ± 13.87b1.54 ± 0.07b1.37 ± 0.04a5.26 ± 0.27b10.49 ± 0.44bMethanol584.46 ± 15.36c1161.47 ± 14.43b2.69 ± 0.03c1.64 ± 0.01b8.36 ± 0.29c10.07 ± 0.18bEthyl acetate409.60 ± 10.84d707.42 ± 98.78c3.62 ± 0.04d1.44 ± 0.08a1.57 ± 0.03d5.88 ± 0.26c[^3]

### 3.4.1. Reducing activity (RA) {#sec3.4.1}

This antioxidant assay incorporates L-ascorbic acid as a standard and evaluates the potential of the compounds that comprise the extract to function as single electron transfer (SET) through primary antioxidation. The results are presented in L-ascorbic acid equivalents. The RA reaches the highest values of 1,908.44 ± 59.15 mg AAE/100g dw in E(EtOH)M1 and of 1,161.47 ± 14.43 mg AAE/100g dw in E(MeOH)M2 extracts. The lowest RA was obtained with distilled water E(H20)M1 and E(H2O)M2, 233.15 ± 5.15 and 174.38 ± 11.65 mg AAE/100g dw, respectively. RA in M1 shows a decrease in activity from E(EtOH)M1 \> E(MeOH)M1 \> E(EtAc)M1 \> E(H2O)M1. In M2, there was a change in the most efficient solvent, presenting a different order, E(MeOH)M2 \> E(EtOH)M2 \> E(EtAc)M2 \> E(H2O)M2. This discrepancy between M1 and M2 demonstrates the influence of the methods applied when comparing the same solvent extraction. Comparing ethanol extraction in the two methods employed, the antioxidant capacity assessed by RA obtained in E(EtOH)M1 was 1.7 times higher than E(EtOH)M2, distinguishing the simple stirring method for 72 hours with ultra-sounds as a better choice. In this assay we used BHT as a common antioxidant standard. The comparative RA of the extracts was between 573 and 52 times weaker than BHT, using E(H2O)M2 and E(EtOH)M1, respectively. Statistical analysis using Tukey b test showed that RA values in M1 were independent, each solvent having a different degree of reducing activity, but in M2 ethanol and methanol are closely related. Using Pearson\'s correlation ([Table 2](#tbl2){ref-type="table"}), it was determined that M1 has some degree of correlation with M2 (R^2^ = 0.658), suggesting that the solvents characterize the RA in the extract but methodology also imprints some variation.

### 3.4.2. Free radical scavenging activity (FRSA) {#sec3.4.2}

FRSA uses DPPH as a stable radical to measure the ability of seaweed antioxidant compounds, e.g. carotenoids and chlorophyll, to scavenge and neutralize ROS and proton radicals, generated in tissues as result of oxidative stress [@bib15]. It uses mechanisms based on the single electron transfer (SET) [@bib43]. The IC~50~ values demonstrated that E(H2O)M2 and E(EtOH)M2 were the most efficient extracts ([Table 3](#tbl3){ref-type="table"}), with values of 1.37 ± 0.03 mg/ml and 1.37 ± 0.04 mg/ml, respectively. E(H20)M1 was the least efficient extract, having the highest value for IC~50~, 4.65 ± 0.29 mg/ml. It can be observed how two different methodologies greatly influence the performance of the final extract, although using the same solvent. In M1, a clear differentiation was detected, resulting in E(EtOH)M1 \< E(MeOH)M1 \< E(EtAc)M1 \< E(H2O)M1, with E(EtOH)M1 needing 3 times less extract to develop the same activity as E(H2O)M1. For M2, although some variation occurred in the sequence, the values are very similar, demonstrating high efficiency. The crescent order for M2 is E(H2O)M2 \< E(EtOH)M2 \< E(EtAc)M2 \< E(MeOH)M2, with the three first solvents presenting better results than E(EtOH)M1. This in an evidence that M2, independently of the solvent used, has a higher ability of producing extracts with better IC~50~ results. In M1, the results will vary greatly, depending of the solvent used to produce the extract. Mellouk et al. (2017) [@bib28] also evaluated *A. taxiformis* of which water, methanol and ethanol extracts also produced good DPPH scavenging activity, using an extract concentration lower than 0.2 mg/ml. Statistical analysis was performed, and Tukey\'s b test determined that in M1 there are four distinct groups, highlighting the intrinsic capability of each solvent to produce a different extract with singular scavenging activity. In M2, only 2 distinct groups were formed, of which E(H2O)M2, E(EtOH)M2 and E(EtAc)M2 are one and E(MeOH)M2 the second group. No correlation between methods was determined using Pearson\'s test ([Table 2](#tbl2){ref-type="table"}), showing a clear independence and with no correlation between equal solvents.

### 3.4.3. Ferrous ion chelation (FIC) {#sec3.4.3}

The ferrous ion chelation (FIC) assay measures the ability of secondary antioxidants to inhibit oxidation through an indirect approach, in this case metal chelating [@bib44]. It was demonstrated, for method 1 ([Table 3](#tbl3){ref-type="table"}), that E(EtAc)M1 developed 50% of chelating activity with the lowest concentration of extract, 1.57 mg/ml and E(H20)M1 the highest, 112.32 mg/ml. For method 2, E(EtAc)M2 presented the lowest concentration needed to achieve 50% of chelating activity, 5.88 mg/ml, and E(H20)M2 the highest concentration, 73.97 mg/ml. In M1, in increasing order of concentration to achieve 50 % of chelating activity, E(EtAc)M1 \< E(EtOH)M1 \< E(MeOH)M1 \< E(H2O)M1. In M2, the order was slightly different, E(EtAc)M2 \< E(MeOH)M2 \< E(EtOH)M2 \< E(H2O)M2. Except for water and ethyl acetate, the other extracts varied inversely, due to the change in the methodology. Statistical analysis using Tukey\'s b test resulted in four distinct groups in M1, showing independence in the results obtained in each extract and in M2 only three groups were formed, of which extracts produced with ethanol and methanol are in the same. Pearson\'s correlation ([Table 2](#tbl2){ref-type="table"}) between M1 and M2 is R^2^ = 0.855, showing strong relation between methodologies and attributing similar activity between different extracts, using the same solvent, in both methods. Also, when evaluating Pearson\'s correlation between parameters, FIC was determined to have a strong linear correlation with TCC, highlighting that carotenoid content is linked to the antioxidant capacity, when evaluating the ability of carotenoids to function as chelators, with a secondary antioxidant mechanism.

3.5. Downstream extractions {#sec3.5}
---------------------------

In order to test a downstream extraction, the remaining seaweed residue was kept and dried in an oven at 40 °C and weighed. Residue derived from seaweed extracts are denominated as PEAR (post-extracted algal residue) or simply as algal cake. This strategy was implemented to overcome some problems that often occur, which are the discharge of residue, low profitability and high input of biomass. This approach intends to understand how much can be extracted from PEAR, using multiple steps, to extract and purify high value seaweed derived products. Three extraction procedures in a sequential way were assessed. Each time PEAR was subjected to an extraction protocol, the residue was dried, grounded and weighed to determine the real yield that can be obtained from the subsequent residue. Lipids were primarily extracted from PEAR, followed by carrageenan and cellulose. Results are shown in [Table 4](#tbl4){ref-type="table"}.Table 4Yield of PEAR and quantification of subsequent extraction of lipids, carrageenan\'s and cellulose from *Asparagopsis taxiformis* (Delile) Trevisan residue.Table 4SolventPEAR YieldLipidsCarrageenansCelluloseg (100 g)^−1^ in dwg (100 g)^−1^ in dwg (100 g)^−1^ in dwg (100 g)^−1^ in dwM1M2M1M2M1M2M1M2Water58.73 ± 5.54a76.08 ± 1.87a1.80 ± 0.04a1.30 ± 0.03a3.75 ± 1.56a2.28 ± 0.47a23.81 ± 0.89a20.74 ± 0.68aEthanol75.43 ± 3.65b87.30 ± 1.18bc0.65 ± 0.06b0.58 ± 0.03b6.98 ± 1.56a14.30 ± 1.46b21.65 ± 2.69a18.13 ± 0.52bMethanol72.47 ± 0.39c81.20 ± 5.59ab0.26 ± 0.03c0.35 ± 0.03c7.77 ± 1.83a6.85 ± 3.07a20.30 ± 0.89a20.59 ± 0.37aEthyl acetate82.71 ± 2.86d92.75 ± 1.00c2.05 ± 0.03d1.57 ± 0.08d20.78 ± 1.88b21.18 ± 0.81c18.59 ± 0.49a18.47 ± 0.54b[^4][^5]

### 3.5.1. Residue quantification {#sec3.5.1}

R(EtAc)M2 presented the highest amount of PEAR as a starting material, 92.75 ± 1.00 g/100g dw and lowest from R(H2O)M1, 58.73 ± 5.54 g/100g dw. Using M1, in decreasing order of PEAR yield, R(EtAc)M1 \> R(EtOH)M1 \> R(MeOH)M1 \> R(H2O)M1. In M2, the order was exactly the same only varying the quantity of PEAR yield. Statistical analysis, using Tukey\'s b analysis, showed that in M1, all PEAR yield formed statistically different groups and in M2 no individual groups were formed. We can assume that M1 makes a clear distinction between different PEAR yields, however this cannot be observed in M2, due to the variation of extraction using Soxhlet apparatus, defining its efficiency. This is intrinsically linked to the method rather than the solvent previously used. Pearson\'s correlation test demonstrated that M1 and M2 are close related ([Table 2](#tbl2){ref-type="table"}), which originated a correlation of R^2^ = 0.914. Also, it was determined that PEAR yield is positively correlated with cellulose, with flavonoids and TCC measured in the primary extract.

### 3.5.2. Lipids extraction {#sec3.5.2}

Lipids were the first product to be extracted from PEAR, using the solvent extraction procedure described by Folch et al. (1957) [@bib25]. Highest lipid content was determined in L-R(EtAc)M1, 2.05 ± 0.03 g/100g dw and the lowest quantity in L-R(MeOH)M1, 0.26 ± 0.03 g/100g dw. For M1, resulted in the following sequence, in decreasing order of lipids quantity, L-R(EtAc)M1 \> L-R(H2O)M1 \> L-R(EtOH)M1 \> L-R(MeOH)M1. The order was exactly the same in M2, with quantities varying slightly. We have also performed direct extraction of lipids, using same procedure, using whole seaweed *A. taxiformis,* and found that 5.42 ± 0.23 g/100g dw of lipids could be extracted. Comparing the results of downstream processing with direct extraction of whole seaweed *A. taxiformis*, we found that from whole seaweed, two to fourteen times higher lipids yield could be extracted. However, lipids extracted from PEAR could be a solution to increase profitability from the same biomass. According to Mellouk et al. (2017) [@bib28], 2.85 g/100g dw of lipids could be extracted from Algerian *A. taxiformis* of which 91% are FAME, comprised of 23% saturated and 68% unsaturated fatty acids. The different yield obtained in our work could be due to different extraction technics or due to the natural variations in biocompounds within the *A. taxiformis* seaweed, that occur throughout the year or being located in different sites, in this case in the Atlantic Ocean and Mediterranean Sea, respectively. El-Baroty et al. (2007) [@bib45], analysed the lipid composition concluding that ω3 linolenic acid is the major fatty acid of the lipid fraction in *A. taxiformis* and Mozaffarian (2005) [@bib46] demonstrating that this fatty acid has the ability to prevent cardiovascular diseases. According to these previous studies, lipids extracted from *A. taxiformis* could became an important product when assessing its nutraceutical applicability.

All lipid extractions were subjected to FTIR-ATR scan for comparative analysis ([Fig. 2](#fig2){ref-type="fig"}). A direct extraction of lipids from *A. taxiformis* was performed permitting a visual comparison between this extraction and lipids extracted from PEAR. Eighteen major peaks were identified from 650 to 4000 cm^−1^ wavenumber. This technique was used to evaluate the variability that occurs when extracting lipids from PEAR and perform a primary characterization of lipids extracted from *A. taxiformis* producing a fingerprint spectra. Peaks represent the percentage of transmittance in corresponding wavenumber measured in cm^−1^. The IR spectra is majorly divided in two groups. From wavenumber 650 to 1800 cm^−1^, fifteen major peaks can be observed and correlated with lipids polar head groups and from wavenumber 2800 to 4000 cm^−1^, a second group is observed, with 3 major peaks. Bands from 1 to 9 can also be correlated with high concentration of halogens in *A. taxiformis* [@bib2]. According to Burreson et al. (1975) [@bib47], which initially evaluated the haloforms in the essential oil of *A. taxiformis*, collected in Waikiki (Hawai), due to their interest in the odoriferous constituents, they have determined that the main component of this essential oil is the bromoform CHBr3, followed by smaller amounts of numerous chlorine and iodine haloforms. Recently, Machado et al. (2016) [@bib29], evaluated whole and several extracts of *A. taxiformis* potential to inhibit methanogenesis. They have extracted a high yield of the bromoform CHBr3 using DCM in dried *A. taxiformis* (172.32 mg/100g dw) which successfully reduced the *in vitro* total gas production, using concentrations ≥ 5μM. Additionally, new highly brominated cyclopentenones were recently discovered in *A. taxiformis* extracts. These new molecules are called "Mahorones" and were discovered while Greff et al. (2014) [@bib48] were initiating a chemical ecological study to determine the function of secondary metabolites in their interaction with native species.Fig. 2FTIR ATR spectra, plotting wavenumber (cm^−1^) by transmittance (%), of lipids extracted using Folch et al. (1957) [@bib40] methodology of whole seaweed (direct extraction) or from PEAR.Fig. 2

Band 2 at 720 cm^−1^ can be attributed to CH2 rocking and band 11 could also be attributed to CH2 bending. Band 16 and 17 are due to C-H stretching in CH3 and CH2. Peaks within 1070 and 1250 cm^−1^ (band 7 and 8) are corresponding to C---O---C stretching and band 14 to C000000000000 000000000000 000000000000 111111111111 000000000000 111111111111 000000000000 000000000000 000000000000O stretching in esters [@bib14]. The wider peak (band 18) is due to some water content in lipid extract. Comparing the FTIR-ATR spectra, it becomes possible to visualize the fluctuation of major peaks intensity between direct extraction and lipid extracted from the downstream residue. This technic should be suitable for rapid quality control with further studies in lipid composition of *A. taxiformis*.

Statistical analysis, using Tukey\'s b test, demonstrated that all of the values in M1 and M2 are independent, presenting each PEAR as unique biomass in terms of lipid extractability. Pearson\'s correlation test showed that M1 and M2 have an R^2^ = 0.992 ([Table 2](#tbl2){ref-type="table"}), also showing that the lipid extraction is independent of this two methodologies and strongly dependent of the solvent primarily used.

### 3.5.3. Carrageenan extraction {#sec3.5.3}

Carrageenan was the second product to be extracted from PEAR and highest yield ([Table 4](#tbl4){ref-type="table"}) was obtained in C-R(EtAc)M2, 21.18 ± 0.81 g/100g dw and the lowest quantity obtained in C-R(H2O)M2, 2.28 ± 0.47 g/100g dw. The resulting sequence, in decreasing order in M1, was C-R(EtAc)M1 \> C-R(MeOH)M1 \> C-R(EtOH)M1 \> C-R(H2O)M1. In this sequence, where the solvent has direct contact for 72 hours with the biomass, it can be observed that carrageenan yield increase is inversely correlated with the polarity index of the solvent used for extraction, having ethyl acetate 4.4, methanol 5.1, ethanol 5.2 and water 9.0. For M2, the polarity index was not as linear, and changed the order of the sequence resulting in C-R(EtAc)M2 \> C-R(EtOH)M2 \> C-R(MeOH)M2 \> C-R(H2O)M2. We have performed the extraction of carrageenan from whole *A. taxiformis* and found that 20.11 ± 1.09 g/100g dw (data not shown) could be extracted. Comparing this result with PEAR carrageenan extraction, a quantity of one to nine times higher could be extracted from the whole seaweed that the amount which is extracted from PEAR. Although, PEAR could present a slightly higher result of carrageenan yield when comparing to whole seaweed due to the concentration process. When extracting several compounds from the initial biomass, this residue will inevitably become more concentrated in certain compounds that were not previously extracted. This will make carrageenan more concentrated in PEAR than in whole seaweed. C-R(EtAc)M1 and C-R(EtAc)M2 have carrageenan yield similar to whole seaweed and C-R(H2O)M2 about 8.8 times less than whole seaweed. Comparing with the work of Hung et al. (2009) [@bib49], 49% of the dw of carrageenan-rich *Kappaphycus alvarezii* cultivated in Camranh Bay, Vietnam, are carrageenans. Although *A. taxiformis* and its extracts present far less carrageenan, bioactivity could be an important factor to assess special features that would increase its applicability.

Carrageenan extracted from PEAR and obtained with a direct extraction were subjected to FTIR-ATR scan for comparative analysis between 650 to 1500 cm^−1^ ([Fig. 3](#fig3){ref-type="fig"}). Band 1 (694 cm^−1^), between band 2 (741 cm^−1^) and 3 (770 cm^−1^), peaks are usually assigned to skeleton bending of pyranose ring. This is well observed in direct extraction and C-R(EtOH)M1 spectra. According to Knutsen et al. (1994) [@bib50], that implemented a nomenclature for red seaweed polysaccharides, absorption at 805 cm^−1^ (band 4) are manifestations of 3,6-anhydro-D-galactose-2-sulphate (DA2S) and can be assigned to iota hybridization of carrageenan. Band 4 appeared prominently as a shoulder in direct extraction and C-R(EtOH)M1 readings. In the same extractions, a strong absorption at 820 cm^−1^ (band 5) and 867 cm^−1^ (band 8), indicates the presence of D-galactose-6-sulphate (D6S), attributed to mu carrageenan, a precursor of kappa. At 825 cm^−1^ (band 6) is assigned to D-galactose-2,6-disulphate (D2S, 6S), the nu carrageenan, a precursor of iota. At 845 cm^−1^ (band 7), assigned to the presence of D-galactose-4-sulphate (G4S), is representative of kappa carrageenan. This appeared as a peak in direct extraction and C-R(EtOH)M1 and in a lesser extend in the other carrageenan extractions. The degree of hybridization between iota and kappa are usually performed, dividing the value obtained at 805 cm^−1^ by the value obtained at 845 cm^−1^, originating a ratio of carrageenan hybridization [@bib51]. This is particularly important due to the variation that occurs with carrageenan that is constituted mostly by kappa hybridization, resulting in a strong but brittle gel and iota carrageenan in soft and elastic gel. Differences in these ratios, defines the application of carrageenan extractions, majorly in the food industry, for example, in the production of chocolate milk [@bib52]. Ratios obtained were between 1.02 in C-R(EtOH)M2 and 1.19 in direct extraction, with C-R(EtOH)M1 obtaining the highest ratio, 1.11 within carrageenan extracted from PEAR. This indicates the majority of iota hybridization in carrageenan extracted from *A. taxiformis*. Absorption of IR between 928 cm^−1^ (band 9) and 933 cm^−1^ (band 10) with a shoulder at 1070 cm^−1^ (band 13) represents the presence of 3,6 anhydro-D-galactose (DA). Absorption between 1010 cm^−1^ (band 11) and 1030 cm^−1^ (band 12) with an additional band at 1150 cm^−1^ (band 14) may be attributed to C---C and C---O stretching vibrations of pyranoid ring, common to all polysaccharides [@bib53]. Considering absorptions of IR between 1210 cm^−1^ (band 15) and 1260 cm^−1^ (band 16), it is attributed to sulphate ester (O---SO^−^~3~) (S). This is particularly important due to the rheological properties that are influenced by the degree of sulfation within the polymer. This characterization can be well observed in direct extraction and C-R(EtOH)M1. Carrageenan extracted from C-R(EtOH)M1 presents a pattern very similar to carrageenan extracted from *A. taxiformis* direct extraction.Fig. 3FTIR ATR spectra, plotting wavenumber (cm^−1^) by transmittance (%), of carrageenan extracted using Tasende et al. (2012) [@bib41] methodology of whole seaweed (direct extraction) or from PEAR.Fig. 3

Statistical analysis using Pearson correlation ([Table 2](#tbl2){ref-type="table"}), demonstrated an inverse proportionally between extraction yield and carrageenan extraction yield but positively related with flavonoids content in the primary extract. Tukey\'s b test showed that in M1, 2 groups are formed, C-R(H20)M1, C-R(EtOH)M1 and C-R(MeOH)M1 and second group only C-R(EtAc)M1. For M2, 3 groups were formed, of which one was formed by C-R(H20)M2 and C-R(MeOH)M2, C-R(EtOH)M2 and C-R(EtAc)M2.

### 3.5.4. Cellulose extraction {#sec3.5.4}

Thirdly, we have successfully extracted cellulose from the remaining residue and the highest cellulose value is presented in Ce-R(H20)M1, 23.81 ± 0.89 g/100g dw and the lowest in Ce-R(EtOH)M2, 18.13 ± 0.52 g/100g dw ([Table 4](#tbl4){ref-type="table"}). The sequence, from the highest content to the lowest was Ce-R(H2O)M1 \> Ce-R(EtOH)M1 \> Ce-R(MeOH)M1 \> Ce-R(EtAc)M1. Here, we can observe that the extraction yield of cellulose is proportional to the polarity index of the solvents used. For M2, this was not observed, and the sequence resulted in Ce-R(H2O)M2 \> Ce-R(MeOH)M2 \> Ce-R(EtAc)M2 \> Ce-R(EtOH)M2. We also determined the cellulose content from whole seaweed *A. taxiformis*, and determined that 9.76 ± 0.15 g/100g dw could be obtained from direct extraction. Comparing with PEAR residue, cellulose could be extracted from PEAR 1.9 to 2.4 times higher than from direct extraction. The motive of the increase ratio, comparing PEAR with whole seaweed, is due to an increase of cellulose concentration in final PEAR, due to selectively extracting other compounds. In each time that we extracted a different compound from initial PEAR, we would dry, grind and weight, and each time we did this, cellulose would get concentrated in final PEAR. According to Siddhanta et al. (2009) [@bib54], 2.5--12.5% of cellulose could be determined in 12 different seaweeds from India, evidencing the potential that PEAR has in extracting and purifying cellulose. Long polymeric chains of cellulose can be extracted from seaweed and hydrolyzed forming nanocellulose [@bib55]. Nanocristaline cellulose has an enormous potential, with multiple applications such as the production of films with barrier properties, biocomposites, and systems for controlled drug release [@bib56], which justifies the interest of extracting cellulose from PEAR.

Using FTIR ATR analysis we developed a fingerprint spectra for cellulose extracted from red seaweed *A. taxiformis* ([Fig. 4](#fig4){ref-type="fig"}). Cellulose extracted and purified from PEAR was compared with cellulose obtained from direct extraction from whole seaweed *A. taxiformis*. Fifteen major bands were identified from 650 to 4000 cm^−1^ in FTIR ATR spectra which can be used for comparability. Decrease of transmittance % at 900 cm^−1^ (band 3) are due to the absorption of IR from glycosidic linkages between the anhydroglucose rings in the cellulose. This peak can be observed in every cellulose extracted from PEAR but better distinguish in Ce-R(EtOH)M2. Between 1000 cm^−1^ (band 4) and 1030 (band 5) decreases in transmittance could be due to C---O---C bending in which Ce-R(EtOH)M2 demonstrates prominently. At 1054 cm^−1^ (band 6) a strong decrease of transmittance could be observed and can be assigned to the skeletal vibration of C---O---C pyranose ring skeleton in cellulose fibers. This peak was visible in all of the cellulose extracted from PEAR and directly extracted from whole seaweed but with different intensities. At 1160 cm^−1^ (band 8), a decrease in transmittance can be assigned to C---O---C asymmetric stretching of cellulose. This can be well observed in cellulose obtained directly from whole seaweed but more distinguish in Ce-R(EtOH)M2. A decrease in transmittance at 1432 cm^−1^ (band 12) could be due to C-H bending and at 1642 cm^−1^ (band 13) IR absorbed could be assigned to O-H bending in water molecules. An sp3 C-H stretching vibration was detected at 2903 cm^−1^ (band 14) and a broad peak appeared at 3316 cm^−1^ (band 15) which could be assigned as a specific absorbance of O---H stretching, demonstrating an hydrophilic tendency of the cellulose fibers [@bib57]. This peak is visible in all cellulose extracted from PEAR and whole seaweed *A. taxiformis* but prominently visible in Ce-R(EtOH)M2.Fig. 4FTIR ATR spectra, plotting wavenumber (cm^−1^) by transmittance (%), of cellulose extracted using Baghel et al. (2015) [@bib42] methodology of whole seaweed (direct extraction) or from PEAR.Fig. 4

Statistical analysis showed that applying Tukey\'s b test, M1 only formed one group, suggesting that these values are not statistically different and in M2 two groups were formed. One group includes Ce-R(H2O)M2 and Ce-R(MeOH)M2, the second group the remaining Ce-R(EtOH)M2 and Ce-R(EtAc)M2. The Pearson\'s correlation test ([Table 2](#tbl2){ref-type="table"}) demonstrated that there isn\'t correlation between methodologies, and cellulose is negatively correlated with residue yield proving the statement previously described that cellulose will be increasingly concentrated after supplement, lipids and carrageenan extraction.

4. Conclusion {#sec4}
=============

The perspective of this research work was to increase the knowledge of the nutraceutical potential of *A. taxiformis* from Madeira archipelago, as a whole or, its extracts. Also, the development of a downstream strategy, to develop procedures to purify valuable compounds from *A. taxiformis* PEAR, was performed, attributing applicability and yield of important products to remaining residue. This seaweed demonstrated to be an excellent source of natural iodine, utilizing four solvents permitted in the food industry with two distinct methodologies. Method 1 demonstrated to be the most predictable, since certain parameters could be related with the polarity index of the solvents used. Since our main effort was to produce an iodine rich extract, ethanol demonstrated to be the most efficient solvent in having the most concentrated iodine content. Evaluation of the antioxidant compounds in E(EtOH)M1 resulted in the highest values for TPC and chlorophyll a content. Also, in three parameters analysed for antioxidant capacity, E(EtOH)M1 developed the best results for RA and FRSA antioxidant capacity tests. For the downstream strategy adopted in this work, lipids could be further studied to determine their fatty acids composition, carrageenan studied in their gelling properties, purity and bioactivity. Cellulose could be the precursor from low to high end products, since this could be the starting material to produce paper, bioethanol or micro and nano-crystalline cellulose, a multifunctional ingredient in the food and pharmaceutical industry. When targeting iodine rich extracts, we have determined, using statistical analysis, that iodine content is positively correlated with TPC and negatively correlated with flavonoids, allowing us to extrapolate in the future, which extracts would have higher concentration of iodine based on TPC or flavonoids analysis. FTIR ATR analysis demonstrated high potential for spectra comparison and quality control due to its simplicity and time saving. It produced a fingerprint signature for lipids, carrageenan and cellulose extracted directly from whole seaweed *A. taxiformis*, used for comparison between same products extracted from PEAR.
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[^1]: Data are mean ± standard deviation in grams or milligrams per 100 grams of seaweed extract on a dry weight basis. All determinations were carried out in triplicate. Different letters within the same column indicate significant differences (p ≤ 0.01) determined in SPSS 24.0 using Tukey b test. Not detected (ND).

[^2]: Statistical significance at 0.01 level (\*\*) or at 0.05 level (\*) bilateral, using Pearson correlation test in SPSS 24.0; Signalling (--) reveal the negative relation between parameters or in its absence, their positive correlation. Values presented are for R^2^.

[^3]: Data are mean ± standard deviation in milligrams per 100 grams of seaweed on a dry weight basis, mg IC 50 (mL)^−1^. All determinations were carried out in triplicate. Different letters within the same column indicate significant differences (p ≤ 0.01) determined in SPSS 24.0 using Tukey b test.

[^4]: Data are mean ± standard deviation in grams per 100 grams of seaweed residue on a dry weight basis. All determinations were carried out in triplicate.

[^5]: Different letters within the same column indicate significant differences (p ≤ 0.01) determined in SPSS 24.0 using Tukey b test.
